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RE MARKS 

Claims 12, 13, and 37-40 are currently pending in the application. By this amendment, 
claims 12, 13, 37 and 38 are amended, claims 1, 16-17 and 33-36 are cancelled and new claims 
39-40 are added for the Examiner's consideration. The foregoing separate sheets marked as 
"Listing of Claims" shows all the claims in the application, with an indication of the current 
status of each. 

Applicant thanks Examiner for the courtesy and helpfulness extended during the 
telephone interview of March 4, 2009. Certain of the present amendments are undertaken in 
response to Examiner's comments during the interview, namely: 1) removal of the reference to 
binding site in claim 13; 2) removal of reference to laminin displacement in claims 12 and 13; 
and 3) change from "judging" to "concluding" in claims 12 and 14. It is Applicant's 
understanding that, together with the other amendments made in response to rejections in the 
Office Action of December 23, 2009, these amendments address all issues currently outstanding 
with respect to the allowance of claims 12, 13 and 37-40. 
Claim Rejections: 35 USC § 112, first paragraph 

Claims 1,12-13, 16-17 and 33-38 stand rejected under 35 USC § 1 12, first paragraph, due 
to a purported lack of enablement. This rejection is traversed. 

Claims 1, 35 and 36 have hereby been cancelled, thereby making moot this portion of the 
rejection. 

Applicant thanks Examiner for the clear indication of the subject matter which, according 
to Examiner, is enabled by the specification as filed, as provided in the last paragraph of page 3 
of the Office Action. Claim 12 has hereby been amended accordingly, with the exception that 
Applicant strongly disagrees with Examiner with respect to limiting the claims to the recitation 
of an in vivo cell inhibiting effect on melanoma or an in vitro cell inhibiting effect on lung cancer 
cells in culture. 

As discussed in the telephone interview, Applicant herewith provides Examiner 
additional information and data showing expression of the 67 kDa laminin receptor on the cell 
surface of a variety of cancer cell types, and the ability of epigallocatechin gallate to bind to the 
67 kDa laminin receptor and to cause a decrease in proliferation of cancer cells. In addition, 
Applicant herewith submits a declaration of the inventor, Dr. Tachibana, which includes data 
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obtained in his laboratory and under his supervision showing that the action of EGCG in liver 
cancer cells and breast cancer cells is mediated by the 67 kDa laminin receptor. 

The following Table lists the various sources of support for practicing the methods of the 
invention with respect to lung and melanoma cancer (already agreed to by Examiner) and, in 
addition, liver cancer, breast cancer, cervical adenocarcinoma cells, multiple myeloma, and 
colon cancer. Copies of the new sources of support are included herewith as Exhibits A-E. 



TYPES OF CANCER CELLS 


SUPPORT 


lung cancer cells in vitro 


the present application 


melanoma cancer cells in vivo 


Umeda, J. Biol Chem, 283, 3050-3058 (2008); 
submitted with previous response 


INCLUDED IN THIS COMMUNICATION 


liver cancer cells in vitro 


and data in Figure 1; and 
EXHIBIT A, article in Proceeding of 2004 
International Conference O-CHA (tea) culture 
and Science, 477-478 (2005) 


breast cancer cells in vitro 


DECLARATION 

see data in Figure 2; and 
EXHIBIT B 

Nature Struct. Mol. Biol. 11, 380-381; see 
Figure la, which shows testing of MCF-7 breast 
cancer cells in vitro 


cervical cancer cells in vitro 


EXHIBIT C 

BBRC, 333, 337-344 (2005); note Figure 6 in 
particular 


multiple myeloma cells in vivo and in vitro 


EXHIBIT D 

Blood 15 October 2008, vol. 108, #8; 

in this paper, 67LR is referred to as "LR1"; note 

in particular the data presented in Figure 3 


colon cancer cells in vitro 


EXHIBIT E 

BBRC 311 (2008): 172- 176; note in particular 
Figures 1 and 4 
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As can be seen from a review of the information provided herewith, one of skill in the art 
would recognize that the methods of the invention are applicable to cancer cells in general, as 
recited in independent claims 12 and 13. 

In view of the foregoing, Applicant respectfully requests reconsideration of claims 12 and 
1 3 in their present form and withdrawal of this rejection. 
Claim Rejections: 35 USC § 102(b) 

Claim 1 stands rejected under 35 USC § 102(b) as anticipated by Narumi et al. 
(hereinafter "Narumi"). Claim 1 is hereby cancelled without prejudice or disclaimer, thereby 
making moot this portion of the rejection. 

In view of the foregoing, Applicant respectfully requests withdrawal of this rejection. 
Claim Rejections: 35 USC § 112, first paragraph, New Matter Rejection 

Claims 37 and 38 stand rejected under 35 USC § 1 12, first paragraph. The Examiner 
states that there is no support in the specification for an antibody with a galloyl group. 

Claims 37 and 38, which depend from claims 12 and 13, respectively, have hereby been 
amended to clarify the subject matter of the two claims. Claims 37 and 38 now recite that the 
subject matter of the claims is a method of screening an antibody , i.e. the "compound" referred to 
in these two claims is the compound that is screened. Applicant submits that this amendment 
does not add any new matter, being a choice of one of the two possibilities recited in claims 12 
and 13, from which claims 37 and 38 depend ("A method of screening a catechin or antibody..."). 

In view of the foregoing, Applicant respectfully requests reconsideration and withdrawal 
of this rejection. 

Claim Rejections: 35 USC § 112, second paragraph 

Claim 1, 12-13, 16-17 and 33-38 stand rejected under 35 USC § 112, second paragraph, 
as indefinite due to the recitation of the relative term "may". Claims 1 and 35-36 are hereby 
cancelled, making moot this portion of the rejection. 

Claims 12 and 13 have hereby been amended to recite" to determine whether" and "has" 
instead of "may have", thereby overcoming this rejection. 

In view of the foregoing, Applicant respectfully requests reconsideration and withdrawal 
of this rejection. 

Claim Rejections: 35 USC § 102(b) 
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Claim 35 stands rejected under 35 USC § 102(b) as anticipated by Narumi et al. 
(hereinafter "Narumi"). Claim 35 is hereby cancelled without prejudice or disclaimer, thereby 
making moot this rejection. 

In view of the foregoing, Applicant respectfully requests withdrawal of this rejection. 
Concluding Remarks 

In view of the foregoing, it is requested that the application be reconsidered, that claims 
12, 13, and 37-40 be allowed, and that the application be passed to issue. 

Should the Examiner find the application to be other than in condition for allowance, the 
Examiner is requested to contact the undersigned at 703-787-9400 (fax: 703-787-7557; email: 
ruth@wcc-ip.com) to discuss any other changes deemed necessary in a telephonic or personal 
interview. 

If an extension of time is required for this response to be considered as being timely filed, 
a conditional petition is hereby made for such extension of time. Please charge any deficiencies 
in fees and credit any overpayment of fees to Attorney's Deposit Account No. 50-2041 . 



Whitham, Curtis, Christofferson & Cook, P.C. 
1 1491 Sunset Hills Road, Suite 340 
Reston, VA 20190 
703-787-9400 (Telephone) 
703-787-7557 (Facsimile) 



Respectfully submitted, 




Ruth E. Tyler-Cross 
Reg. No. 45,922 



BRIEF COMMUNICATIONS 



A receptor for green tea 
polyphenol EGCG 



-EGCG -EGCG 



, Kiyoshi Koga, Yoshin 



Hirofumi Tachibar 
Koji Yamada 

The major polyphenol in green tea, (-)-epigallocatechin-3- 
gallate (EGCG), has been shown to prevent carcinogenesis. We 
have identified a receptor that mediates the anticancer activity 
of EGCG. Expression of the metastasis-associated 67-kDa 
larninin receptor confers EGCG responsiveness to cancer cells 
at physiologically relevant concentrations. Experiments using 
surface plasmon resonance demonstrate binding of EGCG to 
the 67-kDa larninin receptor with a nanomolar K A value. 



The prevention of cancer through dietary intervention is currently 
receiving considerable attention. Several epidemiological and animal 
studies suggest that green tea has a protective effect against a variety of 
cancer types, such as lung, prostate and breast 1 . This effect has been 
attributed to the biologically active polyphenol EGCG 2,3 . EGCG has 
both antimatrix metalloproteinase and antiangiogenesis activities 4 ' 5 
that can prevent the formation of solid tumors. The concentration of 
EGCG (0.1-1 |iM) needed to elicit both responses is similar to levels in 
humans after drinking tea (usually <1 p.M; ref. 6). EGCG has also been 
reported to inhibit cancer cell proliferation directly by affecting the 
signaling pathways involved in cell growth 7,8 . However, the concentra- 
tions of EGCG shown to have an effect ( 20-100 uM) in these previous 
studies are much higher than those observed in the blood or tissues. 
Also, the primary target for EGCG to act upon to elicit cell growth 
inhibition remains to be determined. 

We found that all-twis-retinoic acid (ATRA) enhances the binding 
of EGCG to the cell surface of cancer cells (Fig. la) when the binding 
was monitored on the basis of the increase in response units in a sur- 
face plasmon resonance assay. To identify candidates through which 
EGCG inhibits cell growth, we used a subtraction cloning strategy 
involving cDNA libraries constructed from cells treated or untreated 
with ATRA. We isolated a single target that allows EGCG to bind to the 
cell surface. An analysis of the DNA sequence identified this unknown 
cell surface candidate as the 67 kDa larninin receptor (67 LR). In fact, 
the expression of this 67 LR was enhanced by ATRA treatment (Fig. la, 
inset). The 67 LR is expressed on a variety of tumor cells, and the 
expression level of this protein strongly correlates with the risk of 

Human lung cancer A549 cells were used to assess how effectively 
the 67 LR elicits EGCG mediated growth inhibition. Cells transfected 
with empty vector and treated with EGCG showed no growth inhibi- 
tion (Fig. lb, inset, gray bar). However, cells transfected with the 
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Figure 1 Anticancer action of EGCG is mediated by the 67-kDa larninin 
receptor, (a) EGCG binding to the surface of MCF-7 cells treated with (red 
line) or without (blue line) ATRA monitored by surface plasmon resonance. 
Inset, 67 LR and (3-actin protein levels from the ATRA-treated or nontreated 
cells, (b) A549 cells transfected with the 67 LR vector were exposed to 
5.0 uM EGCG (red line) or water (blue line) for various periods, and the cell 
numbers were assessed. The cells transfected with the empty vector (inset) 
were also treated with 5.0 uM EGCG (gray bar) or water (control, white bar), 
and the results are shown as relative cell number to control cultures at each 
period. The data presented are the mean (± s.e.m.) of triplicate experiments 
(asterisk indicates P< 0.01). (c) The interaction between EGCG (5.0 p-M) 
and A549 cells transfected with the 67 LR vector (red line) or the empty 
vector (blue line) measured by surface plasmon resonance, (d) EGCG 
binding (1.0 uM) to the 67 LR-transfected cells treated with either 
anti-67 LR (green line) or control antibody (orange line), (e) The interaction 
between EGCG and 67 LR protein after treatment with either larninin (green 
line) or BSA (orange line), (f) 67 LR-transfected cells treated with either 
anti-67 LR (gray) or control antibody (white) were cultured in the presence 
of EGCG. The data presented are the mean (± s.e.m.) of triplicate 
experiments (asterisk indicates P< 0.01). 



Department of Bioscience and Biotechnology, Faculty of Agriculture, Kyushu University, Hakozaki 6-10-1, Fukuoka, 812-8581, Japan. Correspondence should be 
addressed to H.T. (tatibana@agr.kyushu-u.ac.jp). 

Published online 14 March 2004; doi:10.1038/nsmb743 
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Figure 2 The interactions between tea constituents and 67 LR-transfected cells, (a) Growth inhibitory 
activities ot tea constituents (indicated by bars, 5.0 uM) on cells transfected with either the gene 
encoding 67 LR (gray) or vector only (white) were examined and shown as indicated in Figure If. 
(b) The interaction between tea constituents (5.0 uM) and A549 cells transfected with the 67 LR 
vector (red line) or the empty vector (blue line) was measured using a surface plasmon resonance assay. 



gene encoding 67 LR and treated with EGCG (Fig. lb, red line) 
demonstrated considerable inhibition as compared with the cells 
treated with H 2 0 (Fig. lb, blue line). 

We next tested whether the growth inhibit 
relates with the binding strength of EGCG to 



LR (Fig. 1 



ry activity of EGCG cor- 
hecel] surface. We found 
of cells transfected with 
its did not return to the 
re (Fig. 1, -EGCG), indi- 
cating that EGCG remains bound even in the absence of EGCG. EGCG 
binding to the 67 LR-transfected cells was inhibited by treatment with 
an antibody to 67 LR (Fig. Id). We also tested whether laminin, a 
known ligand for the 67 LR, can compete with EGCG for binding. 
Laminin reduced the interaction between EGCG and the 67 LR pro- 
tein (Fig. le). 

We then measured the binding affinity of HG< X) to o? LR in equili- 
brium binding experiments using .surface plasmon resonance (set- 
Supplementary Methods online). iC d measurements were made with a 
purified recombinant 67 LR protein. The predicted K d value for the 
binding of EGCG to the 67 LR protein is 39.9 nM. 

To investigate whether the 67 LR can confer a sensitivity to EGCG at 
physiologically relevant concentrations, we treated the 67 LR-transfected 
cells with two concentrations of EGCG (0.1 and 1.0 p.M); these concen- 
trations are similar to the amount of EGCG found in human plasma after 
drinking more than two or three cups of tea 1 1 . The growth of the trans- 
fected cells was inhibited at both of these concentrations (Fig. If). In 
addition, this growth-suppressive effect was completely eliminated upon 
treatment with anti~67 LR before the addition of EGCG. Together, these 
observations demonstrate that the cell surface 0" 1 R is the target for 
EGCG and acts as the receptor for antitumor action of EGCG. 



Tea also contains other biologically active 
compounds such as caffeine 12 . To compare 
the ability of 67 LR to mediate a response to 
other tea constituents, we examined caffeine 
and other tea polyphenols. None of these 
other compounds affected the growth of 
67 LR-expressing cells (Fig. 2a), nor could 
they bind to the cell surface (Fig. 2b). EGCG is 
the only gallate (gallic acid ester) we tested, 
suggesting that the gallate moiety may be crit- 
ical for 67 LR binding and subsequent activity. 

The recent identification of a role for the 
67 LR in retinal angiogenesis and of potent 
upregulation of this receptor in malignant 
mesothelioma by gene expression profiling 
associated with tumor endothelial cells 13 
further link this receptor with the anti- 
angiogenic activities of KGCG. The <»7 LR 
can bind to the prion protein and thus may 
regulate prion propagation' 4 . The fact that 
EGCG can bind and regulate biological 
functions of the 67 LR has possible implica- 
tions for prion-related diseases, for which 
there is currently no therapy. Ideally, 
increasing the expression of this target may 
confer a much higher EGCG potency, similar to the effect of a tumor 
suppressor gene. Characterizing the mechanisms by which EGCG 
acts through this 67 LR should help in the design of new strategies 
to prevent cancer. 

Note: Supplementary information is available on the Nature Structural & Molecular 
Biology website. 
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Abstract 



EpigaUocatechin-3-O-gallate (EGCG), a major polyphenol of green tea, has been shown to inhibit the growth of various 
cancer cell lines. We show here that EGCG induced the disruption of stress fibers and decreased the phosphorylation of 
the myosin II regulatory light chain (MRLC) at Thrl8/Serl9, which is necessary for both contractile ring formation and cell 
division. Indirect immunofluorescence analysis revealed that EGCG inhibited the concentration of both F-actin and the phos- 
phorylated MRLC in the cleavage furrow at the equator of dividing cells. In addition, EGCG increased the percentages of 
cells in the G2/M phase and inhibited cell growth. Recently, we have demonstrated that the anticancer activity of EGCG 
is mediated by the metastasis-associated 67 kDa laminin receptor (67LR). To explore whether the effect of EGCG is mediated 
by the 67LR, we transfected cells with short hairpin RNA (shRNA) expression vector to downregulate 67LR expression. When 
the 67LR was silenced, the suppressive effect of EGCG on the MRLC phosphorylation was significantly attenuated. These 
results suggest that EGCG inhibits the cell growth by reducing the MRLC phosphorylation and this effect is mediated by 
the 67LR. 

© 2005 Elsevier Inc. All rights reserved. 

Keywords: Epigallocatechin-3-O-gallate; Myosin regulatory light chain; Stress fiber; Contractile ring; 67 kDa laminin receptor 



Green tea is a popular beverage worldwide. It has 
been shown to prevent carcinogenesis in animal models 
for different organ sites [1]. Many publications suggest 
that epigallocatechin-3-O-gallate (EGCG), the major 
polyphenol in green tea, is an active compound which 
has the cancer preventive effects [2-5], however, the 
molecular mechanism for this inhibitory action is not 
well understood. Recently, we have reported that the 



*' Abbreviations: EGCG, epigallocatechin-3-O-gallate; MRLC, myo- 
sin regulatory light chain; 67LR, 67 kDa laminin receptor; F-actin, 
filamentous actin; shRNA, short hairpin RNA; RNAi, RNA interfer- 

* Corresponding author. Fax: +81 92 642 3008. 
E-mail address: tatibana@agr.kyushu-u.ac.jp (H. Tachibana). 



inhibitory effect of EGCG on tumor cell proliferation 
is exerted by its binding to the 67 kDa laminin receptor 
(67LR) [6]. The 67LR is expressed on a variety of tumor 
cells, and expression of this protein is strongly correlated 
with tumor invasion and metastasis [7,8]. 

Phosphorylation of the myosin regulatory light chain 
(MRLC) at Thrl8/Serl9 was shown to increase the ac- 
tin-activated Mg-ATPase activity of myosin II and the 
assembly of myosin II filaments, and regulate the associ- 
ation between myosin II and filamentous actin (F-actin) 
[9,10]. The association of myosin II with F-actin results 
in the formation of stress fibers in interphase cells and 
the contractile ring in dividing cells [1 1 ]. During cytoki- 
nesis an actomyosin-based contractile ring is formed at 
the equator of dividing cells, then gets constricted, and 
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finally disappears at the end of cytokinesis [12]. In high- 
er eukaryotes, it is well established that the state of 
MRLC phosphorylation is cell cycle dependent. During 
metaphase, the MRLC is phosphorylated predomi- 
nantly on Serl/2. However, as the cell cycle progresses 
through anaphase, the MRLC is dephosphorylated on 
these sites and is phosphorylated on Serl9 [13,14], Fur- 
thermore, a Serl9-specific biosensor [15], antibodies spe- 
cific for Serl9 [16], and unphosphorylatable MRLC [17] 
demonstrate that Serl9 phosphorylation immediately 
precedes the formation of the cleavage furrow. These 
findings suggest that myosin II activity is regulated 
temporally during mitosis, and stimulation of myosin 
II motor activity by Serl9 phosphorylation could pro- 
vide the stimulus for the initiation of cytokinesis. On 
the other hand, the physiological significance of Thrl8 
phosphorylation is obscure. Nevertheless, it has been 
demonstrated that the phosphorylation of myosin at 
Thrl8 in addition to Serl9 significantly enhances the ac- 
tin-activated MgATPase of myosin II and stabilizes the 
filament formation of myosin II in vitro [18]. 

Here, we demonstrated that EGCG disrupted the 
contractile ring through decreasing the MRLC phos- 
phorylation resulting in the inhibition of cell prolifera- 
tion. Our results suggest that the inhibitory effect of 
EGCG on the cell growth is based on its ability to re- 
duce the MRLC phosphorylation and is mediated by 
the cell surface target molecule 67LR. 

Materials and methods 

Materials and chemicals. Epigallocatechin-3-O-gallate (EGCG) was 
purchased from Kurita Water Industries (Tokyo, Japan). Goat anti- 
phospho-MRLC (Thrl8/Serl9) polyclonal antibody, goat anti-human 
67LR polyclonal antibody (F-18), and horseradish peroxidase (HRP)- 
conjugated anti-goat (donkey) IgG antibody were obtained from Santa 
Cruz Biotechnology. Rabbit anti-phospho-MRLC (Serl9) polyclonal 
antibody was purchased from Rockland Immunochemicals. Cy3-con- 
jugated anti-goat IgG antibody was obtained from Chemicon Inter- 
national. Catalase and mouse anti-P-actin antibody were purchased 
from Sigma. Propidium iodide was obtained from Wako Pure 
Chemical Industries. 

Cell culture and stimulation. HeLa cells were maintained in Dul- 
becco's modified Eagle's medium (DMEM) (Cosmo Bio, Tokyo, Ja- 
pan) supplemented with 10% fetal bovine serum (FBS) (Intergen, 
Purchase, NY), lOOU/ml penicillin G, 100 ug/ml streptomycin, 
25 mM Hepes buffer, and 44 mM NaHC0 3 in a humidified atmosphere 
with 5% C0 2 at 37 °C. For some experiments, HeLa cells were plated 
at a density of 1 x 10 s cells/ml. After culturing for 24 h, cells were 
washed with DMEM. Cells were then incubated at 37 °C with DMEM 
containing the indicated concentrations of EGCG. 

Construction of expression plasmids and transient transfection. The 
psiRNA-hHl (G2) short hairpin RNA expression vector was pur- 
chased from InvivoGen. As the inserts for expressing short hairpin 
RNA, three inserts were selected: shRNAl-sense (5'-TCCCGATCT 
TGACTTCCAGATGGAATTCAAGAGATTCCATCTGGAAGTC 
AAGATTT-3') and shRNAl-antisense (5'-CAAAAAATCTT 
GACTTCCAGATGGAATTCAAGAGTTCCATCTGGAAGTCAA 
GATC-3') and shRNA2-sense (5'-TCCCGACCTTCACTAACCAG 
ATCCATTCAAGAGATTGGATCTGGTTAGTGAAGGTTT-3') 



and shRNA2-antisense ( 5 '-C AAAAA ACCTTC ACTAACCAGAT 
CCATTCAAGAGATGGATCTGGTTAGTGAAGGTC-3 ') and 
shRNA3-sense (5'-TCCCCGGAGGAATTTCAGGGTGAATTCAA 
GAGATTCACCCTGA AATTCCTCCTTT-3 ' ) and shRNA3-anti- 
sense (5'-CAAAAAAGGAGGAATTTCAGGGTGAATCTCTTGA 
ATTCACCCTGAAATTCCTCCG-3'). Each insert was annealed and 
subcloned into psiRNA-hHl (G2), which was linearized with Bbs I. 
For transient transfections, HeLa cells were plated in 24-well plates at 
an approximate density of 2 x 10 4 cells/ml and cultured for 24 h. Fu- 
GENE 6 reagent (Roche, Basel, Switzerland) (0.66 ul/well) was mixed 
with a total of 333 ng of DNA for 20 min in serum-free medium, then 
added to the cells in DMEM supplemented with 10% FBS and cultured 
for 48 or 72 h. 

Immunoblotting. After stimulation, the cells were lysed in cell lysis 
buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% Tri- 
ton-X 100, ImM EDTA, 50 mM NaF, 30 mM Na^O?, 1 mM 
phenylmethanesulfonyl fluoride (PMSF), 2.0 ug/ml aprotinin, and 

1 mM pervanadate. Whole cell lysate was incubated at 4 °C for 30 min 
and then centrifuged at 1 5,000g for 30 min. The supernatant was mixed 
with sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE) sample buffer. The mixture was loaded onto 10% or 12% SDS- 
PAGE gel, and electrophoresis was done under reducing condition. 
The sample was then electrotransferred onto a nitrocellulose mem- 
brane. The blotted nitrocellulose was probed for phospho-MRLC 
(Serl9), phospho-MRLC (Thrl8/Serl9), and 67LR using the anti- 
phospho-MRLC (Serl9) antibody, anti-phospho-MRLC (Thrl8/ 
Serl9) antibody, and anti-laminin receptor antibody (F-18), respec- 
tively. The secondary antibodies used were HRP-conjugated anti-goat 
IgG or anti-rabbit IgG and detection was done using the ECL kit 
(Amersham Bioscience, Piscataway, NJ). 

Indirect immunofluorescence. HeLa cells were plated at a density of 

2 x 10 4 cells per well in an 8-well glass slide (Nalge Nunc International, 
Rochester, NY). After stimulation, cells on the glass slide were fixed 
for 10 min in 3.7% formaldehyde in PBS at room temperature. These 
fixed cells were made permeable by incubating with 0.2% Triton X-100 
in PBS for 5 min and then washed with PBS. After blocking with 1% 
BSA-PBS, the anti-phospho-MRLC (Thrl8/Serl9) antibody was ap- 
plied directly onto the glass slide and incubated for 1 h at 37 °C. Then, 
the cells were washed three times with PBS and stained with Cy3- 
conjugated anti-goat IgG antibody or Alexa Fluor 488 phalloidin 
(Molecular Probes, Eugene, OR) for 1 h at 37 °C. After washing in 
PBS, coverslips were mounted onto a glass side with a drop of 
mounting medium. Imaging was performed with Nikon E600 micro- 
scope (Nikon Instech, Kanagawa, Japan). AH images were acquired 
with a digital CCD camera (Nikon Digital Sight DS-5M-L1, Nikon 
Instech, Kanagawa, Japan) and processed with custom software. 

Determination of the cell growth. To assess cell proliferation, cells 
were plated in 24-well plates at a density of 5 x 10 4 cells/ml in complete 
medium. Twenty-four hours after plating, cells were treated with 
EGCG at the indicated concentrations for the indicated time periods in 
DMEM supplemented with 2% FBS and 5 mg/ml BSA. For counting, 
the cells were harvested from triplicate wells with trypsin and counted 
using a hematometer. 

Flow cytometric analysis of the cell cycle. Approximately 3 x 10 5 
HeLa cells were suspended in 300 ul PBS and 700 ul of 100% ethanol 
was added while vortexing. The cells were incubated at -20 °C for 
more than 4 h, washed with PBS, and resuspended in 500 ul PBS (pH 
8.4) together with 10 ug RNaseA. Incubation was continued at 37 °C 
for 30 min. The cellular DNA was then stained by applying 500 ul 
propidium iodide (20 ug/ml) for 30 min at room temperature. The 
stained cells were analyzed by flow cytometry (FACS Calibur; Becton- 
Dickinson, Sunnyvale, CA) for relative DNA content. ModFit LT 
software (Verity Software House, Topsham, ME) was used to assess 
cell cycle distribution. 

Statistical analysis. All values are expressed as means ± SD com- 
pared with controls. Statistical analysis was performed by use of Stu- 
dent's / test. A level of p < 0.05 was considered significant. 
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Effect of EGCG on cell morphology and actin 
cytoskeleton organization in HeLa cells 

To examine the effect of EGCG on cell morphology 
and actin cytoskeleton, we stained HeLa cells for 
F-actin with Alexa Fluor 488 phalloidin. Control HeLa 
cells exhibited an organized network of F-actin contain- 
ing stress fibers spanning across the cell body and a thin 
cortical F-actin rim at the margins (Fig. 1A). This rim 
was so thin that cell-cell junctions were not distinguish- 
able. When the cells were incubated with the indicated 
concentrations of EGCG for 20 min, the cells retracted 
and left intercellular gaps (Fig. 1A). In addition, disap- 
pearance of the stress fibers in the central cell body was 
observed upon treatment with EGCG, and the periphe- 
ral actin rim became thicker, providing an outline of the 
cell-cell junctions (Fig. 1A). When treated with 50 \iM 
EGCG, actin cytoskeletal remodeling was observed even 
at a time point of 1 min (Fig. IB). This effect continued 
for at least 10 min. 

Effect of EGCG on Thrl8ISerl9 phosphorylation of 
MRLC 

Because stress fiber formation has been known to 
require Thrl8/Serl9 phosphorylation of MRLC [11], 



we examined the effect of EGCG on the MRLC 
phosphorylation by Western blot analysis using phos- 
phorylated MRLC-specific antibodies. EGCG dose-de- 
pendently decreased the diphosphorylation of MRLC 
at Thel8/Serl9 (Fig. 2A, top). Monophosphorylation 
of MRLC at Serl9 is sufficient to stimulate actin-acti- 
vated myosin II Mg-ATPase [19]. EGCG also de- 
creased the monophosphorylation at Serl9 in a dose- 
dependent manner (Fig. 2 A, middle). EGCG clearly 
reduced the phosphorylation at 1 min and this effect 
continued for at least 10 min (Fig. 2B). These results 
correlate well with EGCG-induced actin cytoskeleton 
remodeling as shown in Fig. 1. 

EGCG has been reported to inhibit cancer cell 
proliferation directly by affecting the signaling path- 
way involved in cell growth [20,21]. However, the 
concentration range of EGCG shown to have an ef- 
fect (20-100 nM) in previous studies is much higher 
than that observed in blood or tissues. To investi- 
gate whether the physiologically relevant concentra- 
tions of EGCG can reduce the MRLC 
phosphorylation, we treated HeLa cells for 24 h with 
three concentrations of EGCG (0.1, 1 or 10 ^M); 
these concentrations are similar to the amount of 
EGCG found in human plasma after drinking more 
than two or three cups of tea [22]. The MRLC 
phosphorylation was reduced at concentrations be- 
tween 1 and 10 uM (Fig. 2C). 



EGCG ( M M) 



Time (min) 




Fig. 1 . Effect of EGCG on cell morphology and actin cytoskeleton organization in HeLa cells. HeLa cells were plated at a density of 2 
well in an 8-weil glass slide in DMEM supplemented with 10% FBS and cultured for 24 h. The cells were treated with the indicated 
EGCG for 20 min in DMEM (A) or treated with 50 \iM EGCG for the indicated time periods (B). Cells were then fixed and stained with Alexa Fluoi 
488 phalloidin. The bar represents 30 um. 
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Fig. 2. Effect of EGCG on Thrl8/Serl9 phosphorylation of 
MRLC. (A) HeLa cells were plated at a density of 1 x 10 5 cells/ 
ml in DMEM supplemented with 10% FBS and cultured for 24 h. 
Cells were then treated with the indicated concentrations of 
EGCG for 20 min in DMEM and total cellular protein was 
subjected to Western blot analysis using an anti-phospho-MRLC 
(Thrl8/Serl9) antibody (top) or anti-phospho-MRLC (Serl9) 
antibody (middle). HeLa cells were plated at a density of 
1 x 10 5 cells/ml in DMEM supplemented with 10% FBS and 
cultured for 24 h. The cells were treated with 50 uM EGCG for 
the indicated time periods (B) or treated with the indicated 
concentrations of EGCG in DMEM for 24 h (C). Total cellular 
protein was then subjected to Western blot analysis using an anti- 
phospho-MRLC (Thrl8/Serl9) antibody. 



Effect of EGCG on the concentration of F-actin and the 
phosphorylated MRLC in the cleavage furrow at the 
equator of dividing cells 

The phosphorylation of MRLC at Thrl8/Serl9 has 
been shown to be necessary for formation of the con- 
tractile ring in dividing cells [1 1]. To examine the effect 
of EGCG on contractile ring formation, HeLa cells 
were treated with 50 |iM EGCG for 10 min and stained 
for F-actin. At low magnification (Fig. 3A), the con- 
tractile ring in dividing cells not treated with EGCG 
exhibited spot-like aggregated F-actin (indicated by 
arrowheads). However, in EGCG-treated cells these 
spot-like F-actin condensations disappeared and the 
cell peripheral actin rim was able to be visualized. 
We then double stained the dividing cells for F-actin 
and the phosphorylated MRLC utilizing Alexa Fluor 
488 phalloidin and the phospho-MRLC (Thrl8/ 
Serl9) specific antibody, respectively. As shown in 
Fig. 3B, at high magnification it is clearly observed 
that EGCG inhibited the assembly of F-actin and the 
phosphorylation of MRLC in the cleavage furrow of 
dividing cells (indicated by arrows). 



Effect of EGCG on the growth and cell cycle 

We next examined the effect of EGCG on the growth 
and cell cycle of HeLa cells. Treatment of the cells with 
50 uM EGCG inhibited cell growth (Fig. 4A) and signif- 
icantly reduced not only the diphosphorylation of 
MRLC at Thel8/Serl9 (Fig. 4B, top) but also the 
monophosphorylation at Serl9 (Fig. 4B, middle). 

Given that EGCG inhibited the contractile ring for- 
mation by reducing the MRLC phosphorylation and 
thus inhibited the cell growth, to determine if EGCG 
treatment could alter the cell cycle, we subjected 
EGCG-treated cells to FACS analysis using propidium 
iodide staining to measure the DNA content. EGCG 
treatment for 48 h significantly increased the percentage 
of cells in the G2/M phase (Fig. 4C). These results sug- 
gest that the suppressive effect of EGCG on the MRLC 
phosphorylation continued at least for 48 h and the in- 
crease of G2/M phase cells resulted from the effect of 
EGCG. 

EGCG-induced reduction of the MRLC phosphorylation 
is not affected by catalase 

EGCG has been known to produce H2O2 when it is 
added to the media of several cultured cell lines, and 
H 2 0 2 may exert biological effects on cell growth. It 
has been reported that 30 uM EGCG can induce apop- 
tosis in H661 lung cancer cells, and this effect could be 
abolished by the addition of catalase (50 U/ml) in the 
culture medium [23]. We examined whether catalase 
can change the effect of EGCG on cell growth and 
MRLC phosphorylation. The addition of catalase could 
not alter the EGCG-induced reduction of the MRLC 
phosphorylation level (Fig. 5A), the inhibition of the cell 
growth (Fig. 5B) or the accumulation of the cells in G 2 / 
M phase (Fig. 5C). 

Effect of 67LR-downregulation on the EGCG-induced 
reduction of the MRLC phosphorylation 

Recently, we have identified the 67LR as a cell sur- 
face receptor that mediates the anticancer activity of 
EGCG [6]. We hypothesized that if EGCG exerts its ef- 
fect by binding to the cell surface 67LR, the effect would 
be affected by the removal of EGCG. To assess the 
reversibility of the EGCG-induced reduction of the 
MRLC phosphorylation, cells were treated with or with- 
out 50 \iM EGCG. After a 20 min treatment, the cells 
were transferred to an EGCG-free medium and incu- 
bated for 360 min. As shown in Fig. 6A, the removal 
of EGCG restored the MRLC phosphorylation to a le- 
vel similar to that observed in untreated cultures. This 
recovery of the MRLC phosphorylation might be due 
to the dissociation of EGCG from 67LR. To analyze 
whether the suppressive effect of EGCG on the MRLC 



D. Umeda et al. I Biochemical and Biophysical Research Communications 333 (2005) 628-635 

A None EGCG 



B Phospho- Phase 

F-actin MRLC contrast 



None 











□ 

















Fig. 3. Effect of EGCG on the concentration of F-actin and the phosphorylated MRLC in the cleavage furrow at the equator of dividing cells. HeLa 
cells were plated at a density of 2 x 10 4 cells per well in an 8-well glass slide in DMEM supplemented with 10% FBS and cultured for 24 h. The cells 
were treated with 50 uM EGCG for 10 min in DMEM. The cells were fixed and stained with Alexa Fluor 488 phalloidin and anti-phospho-MRLC 
(Thrl8/Serl9) antibody. The bar in (A) and (B) represents 100 and 20 jxm, respectively. 



phosphorylation is mediated by the 67LR, RNA inter- 
ference (RNAi)-mediated gene silencing was utilized to 
knock down the expression of the 67LR. HeLa cells 
were transiently transfected with three short hairpin 
RNA (shRNA) expression vectors for the 67LR. The 
67LR silencing was observed when each of the shRNA 
expression vectors was trasnsfected separately (data 
not shown), however when we combined all three 
shRNA expression vectors, the highest silencing was ob- 
served (Fig. 6B). We confirmed the elimination of the 
EGCG inhibitory effect on the growth of cells transfec- 
ted with all three shRNA expression vectors (Fig. 6C). 
Fig. 6D shows that 25 p.M EGCG significantly reduced 
the monophosphorylation of MRLC at Serl9 in the cells 
transfected with the empty vector, however in the cells 
transfected with shRNA expression vectors for the 
67LR, the same concentration of EGCG only slightly 
reduced the phosphorylation. These results suggest that 



67LR does indeed mediate the suppressive effect of 
EGCG on MRLC phosphorylation. 



Discussion 

Here, we demonstrate that EGCG decreased MRLC 
phosphorylation at Thrl8/Serl9 and disrupted the stress 
fibers and contractile ring. Further EGCG-induced cell 
growth-inhibition and accumulation of the cells in 
G2/M phase correlated with the suppressive effect of 
EGCG on the MRLC phosphorylation. 

The F-actin staining revealed that EGCG disrupted 
stress fibers and inhibited the assembly of F-actin in 
the cleavage furrow at the equator of dividing cells. Be- 
cause the MRLC phosphorylation has been shown to be 
necessary for the assembly of stress fibers in interphase 
cells and the formation of contractile ring in dividing 
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Fig. 4. Effect of EGCG on the growth and the cell cycle. (A) Cells were 
counted after treatment with or without 50 uM EGCG in DM EM 
supplemented with 2% FBS and 5 rag/ml BSA for the indicated time 
periods. Data shown are means ± SD for three samples. Data 
containing asterisk marks are significantly different from the values 
in control at **p < 0.01 . (B) Measurement of the level of MRLC 
phosphorylation. Cells were treated with 25 or 50 uM EGCG in 
DMEM supplemented with 2% FBS and 5 mg/ml BSA for the 
indicated time periods. Total cellular protein was subjected to Western 
blot analysis using an anti-phospho-MRLC (Thrl8/Serl9) antibody 
(top) or anti-phospho-MRLC (Serl9) antibody (middle). (C) FACS 
analysis of the cell cycle. Cells were treated with 50 uM EGCG for the 
indicated time periods and then evaluated for DNA content after 
propidium iodide staining. 

cells [1 1 ], we suggest that the effects of EGCG on the ac- 
tin cytoskeleton are due to an EGCG-induced decrease 
of the MRLC phosphorylation level. 

Many studies have demonstrated that EGCG has an 
important antiproliferative effect against certain cancers, 
including lung, bronchial, colon, prostate, breast, liver, 
and leukemia cancer cells [2]. Although the mode of ac- 
tion of EGCG on tumor cell growth inhibition is mainly 
related to the blockage of the cell cycle progression, the 
phase in which cells are arrested by EGCG is dependent 
on the cell type [24,25]. In this study, EGCG treatment 
resulted in the accumulation of HeLa cells in the G2/M 
phase. 

In higher eukaryotes, phosphorylation of MRLC on 
specific residues varies with time during mitosis. During 
metaphase, the MRLC is phosphorylated predomi- 
nantly on Serl/2, which has an inhibitory effect on myo- 
sin IPs ATPase activity. However, by anaphase, MRLC 
is dephosphorylated on these sites and is phosphorylated 
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Fig. 5. Effect of catalase on the activities of EGCG. (A) HeLa cells 
were plated at a density of 1 x 10 5 cells/ml in DMEM supplemented 
with 10% FBS and cultured for 24 h. Cells were then treated with the 
indicated concentrations of EGCG and 200 U/ml catalase for 20 min 
in DMEM. Total cellular protein was subjected to Western blot 
analysis using an anti-phospho-MRLC (Thrl8/Serl9) antibody. (B) 
Cell number was determined after treatment with 50 uM EGCG in 
DMEM supplemented with 2% FBS, 5 mg/ml BSA, and 200 U/ml 
catalase for the indicated time periods. Data shown are means ± SD 
for three samples. Data containing asterisk marks are significantly 
different from the values in control at ***p < 0.001. (C) FACS analysis 
of the cell cycle. Cells were treated with 50 uM EGCG in DMEM 
supplemented with 2% FBS, 5 mg/ml BSA, and 200 U/ml catalase for 
the indicated time periods, and then evaluated for DNA content after 
propidium iodide staining. 



on Serl9, which stimulates the motor and perhaps the 
assembly properties of myosin II [13,14,17]. These 
observations indicate that myosin II activity is regulated 
temporally during mitosis, and suggests that MRLC 
phosphorylation on Serl9 could provide the stimulus 
for contraction of the cleavage furrow. Inhibition of 
the myosin phosphatase and activation of MLCK dur- 
ing the later stages of mitosis would favor increased lev- 
els of Serl9 phosphorylation and the activation of 
myosin II motor activity required for cytokinesis [26]. 
We suggest that EGCG inhibited the cytokinesis by 
reducing the level of MRLC phosphorylation and inhib- 
iting the concentration of the phosphorylated MRLC 
in the cleavage furrow. This is supported by the 
observation that EGCG-treatment leads to the accumu- 
lation of cells in G2/M phase and a report stating that 
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Fig. 6. Effect of 67LR-downregulation on the EGCG-induced reduc- 
tion of the MRLC phosphorylation. (A) Cells were treated with (lanes 
2 and 4) or without 50 uM EGCG (lanes 1 and 3) in DMEM for 
20 min (lanes 1 and 2) or 380 min (lanes 3 and 4). The cells were treated 
with 50 uM EGCG for 20 min in DMEM and then treated for 360 min 
in EGCG-free DMEM (lane 5). Then total cellular protein was 
subjected to Western blot analysis using an anti-phospho-MRLC 
(Thel8/Serl9) antibody. (B) Measurement of the 67LR expression 
level in HeLa cells transiently transfected with shRNA expression 
vector targeting the 67LR mRNA. Total cellular protein was subjected 
to Western blot analysis using an anti-67LR antibody (F-18). (C) The 
cells were plated at a density of 1 x 10 4 cells/ml in DMEM 
supplemented with 10% FBS and cultured for 24 h. Cells were then 
transiently transfected with the shRNA expression vectors targeting 
the 67LR mRNA and cultured for 48 h in DMEM supplemented with 
10% FBS. The cells were treated with 25 uM EGCG in DMEM 
supplemented with 2% FBS and 5 mg/ml BSA for 96 h. Data shown 
are means ± SD for three samples. Data containing asterisk marks are 
significantly different from the values in empty vector at ***/>< 0.001. 
(D) The cells were plated at a density of 2 x 10* cells/ml in DMEM 
supplemented with 10% FBS and cultured for 24 h. Then cells were 
transiently transfected with the above shRNA expression vector and 
cultured for 72 h in DMEM supplemented with 10% FBS. The cells 
were treated with 25 uM EGCG in DMEM for 20 min. Then total 
cellular protein was subjected to Western blot analysis using an anti- 
phospho-MRLC (Serl9) antibody. 

unphosphorylatable MRLC overexpression resulted in 
the production of multinucleated cells [17]. 

EGCG can generate H 2 0 2 [27,28], and H 2 0 2 can ex- 
ert biological effects on cells [29,30]. Therefore, results 



from in vitro studies with EGCG, especially at high con- 
centrations, should be interpreted with caution to clearly 
distinguish between the direct effects of EGCG- and 
H 2 0 2 -mediated effects. Our experiments here show that 
catalase could not alter any of the EGCG-induced ef- 
fects on cell proliferation or the MRLC phosphoryla- 
tion, indicating that the effects of EGCG are not due 
to the production of H 2 0 2 . 

Previously, we reported that EGCG exerts an inhibi- 
tory effect on cell growth by binding to the 67LR [6], 
however, the precise mechanism for this action, espe- 
cially after EGCG binds to the 67LR, was entirely un- 
known. In this study, we showed that the suppressive 
action of EGCG on the MRLC phosphorylation is 
blocked by downregulation of 67LR. We suggest that 
EGCG-induced reduction of the MRLC phosphoryla- 
tion is involved in signal transduction pathways that is 
mediated post EGCG binding to 67LR. Plasma EGCG 
concentrations after ingestion of green tea in humans lie 
within 1 \iM [31,32]. Although the concentrations of 
EGCG in our cell culture model are above this value, 
we observed here that treatment with 1 uM EGCG for 
24 h reduced the MRLC phosphorylation in HeLa cells. 
Because the MRLC phosphorylation regulates many 
cellular functions, these findings may lead to a better 
understanding of mechanisms involved in the various 
biological effects of EGCG in vivo. 
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as tumors in SCID mice. EGCG interacts 
with the 67-kDa laminin receptor 1 (LR1), 
which is significantly elevated in my- 
eloma cell lines and patient samples rela- 
tive to normal PBMCs. RNAI-mediated 
inhibition of LR1 resulted in abrogation of 
EGCG-induced apoptosis in myeloma 
cells, indicating that LR1 plays an impor- 
tant role in mediating EGCG activity in 
MM while sparing PBMCs. Evaluation of 
changes in gene expression profile indi- 
cates that EGCG treatment activates dis- 
tinct pathways of growth arrest and apo- 
ptosis in MM cells by inducing the 
expression of death-associated protein 
kinase 2, the initiators and mediators of 



death receptor-dependent apoptosis (Fas 
ligand, Fas, and caspase 4), p53-like pro- 
teins (p73, p63), positive regulators of 
apoptosis and NF-kB activation (CARD1 0, 
CARD14), and cyclin-dependent kinase 
inhibitors (p16 and p18). Expression of 
related genes at the protein level were 
also confirmed by Western blot analysis. 
These data demonstrate potent and spe- 
cific antimyeloma activity of EGCG and 
provide the rationale for its clinical evalu- 
ation. (Blood. 2006;108:2804-2810) 
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Epigallocatechin-3-gallate (EGCG), a poly- 
phenol extracted from green tea, is an 
antioxidant with chemopreventive and 
chemotherapeutic actions. Based on its 
ability to modulate growth factor-mediated 
cell proliferation, we evaluated its effi- 
cacy in multiple myeloma (MM). EGCG 
induced both dose- and time-dependent 
growth arrest and subsequent apoptotic 
cell death in MM cell lines including IL-6- 
dependent cells and primary patient cells, 
without significant effect on the growth 
of peripheral blood mononuclear cells 
(PBMCs) and normal fibroblasts. Treat- 
ment with EGCG also led to significant 
apoptosis in human myeloma cells grown 

Introduction 

Tea leaves, derived from a shrub Camellia sinensis, contain high 
amounts of polyphenols or cateehins. During the extraction pro- 
cess, the polyphenols in black tea are rendered inactive by 
fermentation; however, the extraction process for green tea in- 
volves only steaming and thus leaves the polyphenols active.' 

In recent years, chemopreventive and chemotherapeutic effects 
of green tea have been reported in different malignancies. 2 - 9 
Because epigallocatechin-3-gallate (EGCG) is the most abundant 
and biologically active polyphenol with antioxidant activity in 
green tea, the majority of the mechanistic studies have focused on 
this compound. It selectively inhibits cell growth and induces 
apoptosis in cancer cells without adversely affecting normal cells. 10 
The antitumor effects of EGCG include inhibition of angiogenesis, 
modulation of growth factor-mediated proliferation, suppression 
of oxidative damage, induction of apoptosis, and cell-cycle ar- 
rest. 8 " 14 Both epidemiologic studies on tea consumption 15 - 16 and 
animal studies 617 have shown that the polyphenols prevent the 
development of chemically induced cancer. 

Cell growth inhibition and apoptosis-inducing effects of EGCG 
have been shown in several cancers. 18 ' 1 '' In prostate carcinoma cells 
(LNcaP), EGCG induces apoptosis by activation of p53 and 
pl4ARF-mediated suppression of MDM2. In this study we have 



demonstrated that EGCG induces apoptotic cell death in multiple 
myeloma (MM) cells including IL-6-dependent cells and primary 
MM cells in vitro, while having no significant effect on growth of 
normal cells (peripheral blood mononuclear cells [PBMCs] and 
fibroblasts), and induces apoptosis and inhibition of growth in vivo 
in a murine model of human MM. Antimyeloma effects of EGCG 
are mediated through laminin receptor 1 (LR1), which is overex- 
pressed on MM cells, and it activates multiple interrelated path- 
ways of apoptosis and cell-cycle arrest. 



Materials and methods 

Chemicals 

(-)-fipigall<>c:ilcchin-.'<-gallaie lEOC'G) was purchased from Sigma-Aldrich 
(St Louis, MO) and dissolved in phosphalebulleied saline (PBS). 

MM and normal cells 

The MM cell line INA6 was kindly provided by Dr Renate Burger 
(University of F.rlangen-Nucrnbcrg, brlangen, Gentian) ) and the ARP cell 
line was kindly provided by Dr J. Epstein (University of Arkansas for 
Medical Sciences, Little Rock). Normal diploid fibroblasts (GM07675) 
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were obtained from the American Type Culture Collection (Rockville, 
MD). ARP cells were cultured in RPMI 1640 medium supplemented with 
10% fetal bovine serum (HyClone, South Logan, UT), whereas 1NA6, an 
interleukin 6 (IL-6)-dependent cell line, was cultured in RPMI 1640 
medium supplemented with 20% fetal bovine serum (HyClone) and 
2.5 ng/mL recombinant human 11.-6 (R&D Systems, Minneapolis, MN). 
Normal diploid fibroblasts (GM07675) were cultured in Dulbecco modified 
Eagle medium (DMEM; Sigma-Aldrich) containing 10% fetal bovine 
serum. All cell lines were maintained in a state of logarithmic growth at 
37°C in humidified air with 5% CO,, as described previously. 20 23 For RNA 
and protein analyses, cultures were harvested at the same final cell density 
(5 /> KV.'mL) and immediately processed. 

Primary MM cells were isolated from bone marrow aspirate samples, 
obtained following informed consent, obtained in accordance with the 
Declaration of Helsinki, from patients with MM, by positive selection using 
ami -CD I 38 anlibodv -coaled immunomagnelic heads and magnetic-assisted 
cell sorting (MACS), according to the manufacturer's instructions (Miltenyi 
Biotech, Auburn, CA). Purity of plasma cells ( > 95'r) was confirmed by 
monitoring cell-surface expression of CD38 and CD45. 

Treatment and growth of cells 

Cells (5 x I0 5 ) were plated in 100-mm dishes and treated with EGCG at 
various concentrations and live cell numbci was determined by trypan blue 
exclusion or by measuring -'H-thymidine incorporation on alternate days. 
For thymidine incorporation, 2 X 10 4 cells/well were incubated in 96-weII 
culture plates with or without EGCG in triplicate. 3 H-thymidine (0.5 p.Ci 
(0.01 85 MBq]; NEN Life Science Products, Boston, MA) was then added to 
each well for the last 8 hours. Cells were harvested onto glass filters with an 
automatic cell harvester (Cambridge Technology, Cambridge, MA), and 
'H-thymidine uptake was measured using a Micro-Beta Trilux counter 
(Wallac, Gaithersburg, MD). 

siRNA and transfections 

Nontargeting Cy3-labeled control siRNA and siRNA targeting LRI 
(67 kDa) were purchased from Dharmacon Research (Lafayette. CO). 
siRNAs were transfected into MM cells using 7>oni-IT-TKO transfection 
reagent [Minis. Madison. \VI). as described by the manufacturer. Briefly, 
cells were plated at 2 - 107ml. . in complete growth medium 24 hours prior 
to transfection and incubated overnight. Immediately prior to transfection, 
TranslT-TKO reagent was added dropwise to serum-free medium (RPMI 
1640) and incubated at room temperature for 20 minutes. siRNA duplexes 
(100 nM) were added to diluted TranslT-TKO reagent, mixed, and 
incubated at room temperature lor 20 minutes. siRNA-TKO complexes 
were then layered dropwise onto the cells and incubated as described. 24 - 25 

To monitor uptake of siRNA, cells transfected with Cy3-labeled control 
siRNA were incubated for 72 hours and Cy3 labeling was examined using 
an Olympus BX61 fluorescence microscope (Olympus America, Center 
Valley. PA) equipped with a Cy3 filter and a UPlanApo Olympus 20X/0.70 
numeric aperture objective. Images were photographed using a SPOT RT 
color 2.2.1 digital camera (Diagnostic Instruments, Sterling Heights. Ml), 
and were acquired using SPOT 3.4.2 image software (Diagnostic 
Instruments). 

Animals 

SC1D mice (CB-17), obtained from laconic (Germantown, NY), were 
maintained and monitored in the Farber Cancer Institute's Animal Research 
Facility. All animal studies were conducted according to protocols approved 
by the Institutional Animal Care and Use Committee. Animals were 
humanely killed when their tumors reached 2 cm in diameter or when 
paralysis or major compromise in their quality of life occurred. 

Human MM xenograft murine model 

CB- 1 7 SCID mice were inoculated subcutaneously in the interscapular area 
with 2.5 X 10 6 OPM1 cells in 100 p.L RPMI 1640 medium. Following 
appearance of palpable tumors, mice were injected intraperitoneally daily 
with PBS alone or EGCG (33 mg/kg). At the time of the animals' death, 



tumors were excised and cell-cycle profiles of tumor cells derived from 
control and EGCG-treated mice were analyzed using propidium iodide (PI) 
staining and flow cytometry. Briefly, cells (1 x 10' ) were washed with 
PBS. permeabili/ed by a 30-mmute exposure to cold 70<; efhanol at 4"C, 
washed with PBS, incubated with PI (5 (xg/mL) in 500 mL PBS containing 
10 pg/mL RNa.se for 30 minutes at room temperature, and analyzed for 
DNA content by Cytomics FC 500 How Cytometer (Beckman Coulter. 
Fullerton, CA). 

Apoptosis assay 

Apoptotic MM cells were detected using the aniiexm V-biotin apoptosis 
detection kit (Oncogene Research Products. San Diego, CA). Untreated 
or EGCG-treated myeloma cells (1 X 10 6 cells/mL) were mixed with 
annexin V-biotin and media-binding reagent and incubated in the dark 
for 15 minutes at room temperature. Cells were then centrifuged and 
medium was replaced with 1 X binding buffer (Oncogene Research 
Products) containing fluorescein isothiocyanate (FITC)-streptavidin 
(Amersham Life Sciences, Arlington Heights, IL). A portion of cell 
suspension (50 p.L) was placed onto a glass slide, covered with a 
coverslip, and viewed immediately using a fluorescence microscope 
equipped with a FITC (green) filter. Imaging was conducted as described 
in "siRNA and transfections." Two hundred cells, representing at least 5 
distinct microscopic fields, were analyzed to assess the fraction of 
FITC-labelcd cells for each sample. 

Gene expression profile 

Myeloma (INA6) cells, untreated or treated with 10 p.M EGCG for 24 
hours, were harvested and total RNA was isolated using an RNeasy kit 
(Qiagen, Valencia, CA) as described by the manufacturer. Total RNA 
(10-15 p,g) was reverse-transcribed to get cDNA using the Superscript II 
reverse transcription kit (Invitrogen Life Technologies, Carlsbad, CA). 
cDNA was used in an in vitro transcription reaction to synthesize 
biotin-labeled cRNA using the En/.o RNA labeling kit (Enzo Diagnostics, 
Farmingdale, NY). Labeled cRNA was purified with the RNeasy mini-kit 
(Qiagen, Valencia, CA) and quantitated. Purified cRNA (15 p,g) was 
hybridized to Human Genome U133 (HG-U133) GeneChip arrays (Af- 
fymetrix. Santa Clara, CA) according to the manufacturer's protocol. The 
HG-U133 set consists of 2 GeneChip arrays representing approximately 
33 000 human genes. GeneChip arrays were scanned on a GeneArray 
scanner ( Affymetrix). 

Microarray data analysis 

Normalization of arrays and calculation ol expression values was per 
formed using the DNA-chip analyzer (dChip) program. 26 - 21 Arrays were 
normalized based on relative signal produced for an invariant subset of 
genes. This model-based method was used for probe selection and 
computing expression values. 2 ''- 2 -' By pooling hybridization information 
across multiple arrays, it is possible to assess standard errors for the 
expression level indexes. This approach also allows automatic probe 
selection in the analysis stage to reduce errors due to cross-hybridization of 
probes and image contamination. We also used several high-level analysis 
functions in dChip for comparative analysis and hierarchic clustering. 

Western blotting 

Approximately 50 mg protein was suspended in Laemmli sample buffer 
(0.1 M Tris-HC! buffer, pH 6.8. Hi SDS. 0.05% B-mercaptoethanol, 10% 
glycerol, and 0.001% bromphenol blue), boiled for 2 minutes, and 
electrophoresed on 4% to 20% glycerol gradient SDS-polyacrylamide gel 
for 4 hours at 120 V. Gels were electroblotted onto Trans-Blot nitrocellulose 
membrane (Bio-Rad Laboratories, Hercules, CA) at 40 V for 3 hours in a 
Tris-glycine buffer system. Incubation with indicated antibodies was 
performed for 2 hours in PBS-Tween 20 (PBST) containing 1 % BSA with 
constant rocking. Blots were washed with PBST and incubated in either 
anti-rabbit or anti-mouse horseradish peroxidase (HRP) conjugates for 
2 hours in PBST containing 3% nonfat dry milk. After washing, specific 
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proteins were detected using an enhanced chemi luminescence, according to 
the instructions provided in the manual (Amersham Life Sciences). 



Results 

EGCG induces inhibition of myeloma cell growth 

1NA6, ARP, and OPM 1 MM cells were cultured in the presence or 
absence of EGCG at various concentrations and for variable 
lengths of time and viable cell number was determined as 
described. EGCG induced both time- and dose-dependent decline 
in survival of myeloma cells; at 10 u.M concentration it induced 
85% and over 55% cell death in INA6 and ARP myeloma cells, 
respectively, at day 3 and more than 99% cell death in INA6 and 
ARP cell lines at day 5 and OPM1 cells at day 7 (Figure 1A-C). 
In all myeloma cell lines tested and primary myeloma cells 
derived from 3 different patients, exposure to 10 or 20 p.M 
EGCG led to a significant inhibition of cell proliferation as 
assessed by 3 H-thymidine incorporation, within 72 hours treat- 
ment (Figure 1D-E). Importantly, the same concentrations of 
EGCG (10 or 20 u-M) had no effect on survival of normal 
diploid fibroblasts and normal PBMCs from 4 healthy donors 
(Figure 1F-G). Normal PBMCs were treated with EGCG and 
cell proliferation was assessed by trypan blue exclusion or 
3 H-thymidine incorporation or both. As seen in Figure 1G, 
EGCG at 10 or 20 u,M had no effect on cell proliferation 
following 72 hours of treatment. To further confirm the lack of 
effect on normal cells, normal PBMCs were activated with 
anti-CD3 antibody and treated with EGCG. As indicated by 
■ 1 H-thymidine incorporation, exposure to 10 u.M EGCG did not 
have inhibitory effect on proliferation of PBMCs. These data 
confirm that EGCG, at concentrations used, specifically inhibits 
the proliferation of myeloma cells while having no significant 
effect on normal cells. 



EGCG induces apoptotic cell death 

Myeloma cells (LNA6 and ARP) were treated with EGCG (10 u.M) and 
analyzed for apoptotic cell death. Both untreated or EGCG-treated 
myeloma cells were sequentially treated with annexin V-biotin and 
FTTC-streptavidin and apoptotic cells were evaluated by a fluorescence 
microscope. Approximately 200, representing at least 5 distinct 
microscopic fields, were analyzed to assess the fraction of 
annexin V 4 cells for each sample. Following a 3-day exposure 
to EGCG, 92% ± 8% INA6 cells and 73% ± 6% of ARP cells 
were annexin V 4 , whereas only 8% ± 2% and less than 2% of 
untreated INA6 and ARP cells, respectively, were annexin V 4 
(Figure 2), indicating that EGCG induces apoptosis in myeloma 
cells. 

EGCG mediates its activity via LR1 

EGCG has been reported to confer its effects through its interaction 
with LR1 (67 kDa).- 8 We therefore evaluated the protein levels of 
LR1 in myeloma cell lines and patient samples using Western blot 
analysis. As seen in Figure 3Ai and quantitation following normal- 
ization with a-tubulin levels (Figure 3Aii), a 1 0-fold or greater 
increase in the protein levels of LR1 in all myeloma cell lines and 
patient samples is observed. 

Next, to confirm the role of LR1 in EGCG-mediated growth 
inhibition of MM cells, we transfected INA6 myeloma cells with 
Cy3-labeled nontargeting control siRNAor siRNA directed against 
LR1. Uptake of siRNA was confirmed by fluorescence microscopy 
(Figure 3B), and reduction of LR 1 protein level was confirmed by 
Western blot analysis (Figure 3C). Transfected cells were treated 
on the next day with EGCG (10 u,M) and cell viability was 
measured on alternate days for 7 days. As seen in Figure 3D, EGCG 
had no significant effect on the growth of INA6 cells transfected 
with LRl-specific siRNA, whereas more than 98% of cells 
transfected with control siRNAs died within 3 days following 
exposure to EGCG. 
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Figure 2. Apoptosls following EGCG treatment of A 
myeloma cells. Myeloma cells were treated with 10 |iM 
EGCG for 72 hours and analyzed for apoptosis using 
annexin V-biotin apoptosis detection kit. Cells were 
sequentially treated with annexin V-biotin and FITC- 
streptavidin, FITC-streptavidin-labeled apoptotic cells 
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photographed by phase contrast (PC) or by fluorescence 
emitted at 518 nm (FITC filter). Using the FITC filter, 
apoptotic cells appear bright green, (A) INA6 myeloma 
cells, untreated (i-ii) or treated with EGCG (iii-iv). (B) Bai 
graph shows percent apoptotic cells in control or EGCG- 

or treated with EGCG (iii-iv). (D) Bar graph shows percer 
apoptotic ceils in control or EGCG-treated ARP cells. (E 
D) Error bars indicate SEM of percentage of apoptoti. 
cells in 5 distinct microscopic fields. 




EGCG induces apoptosis In myeloma cells in vivo 

To evaluate in vivo activity of EGCG on MM cells, OPM I MM 
cells were injected subcutaneously in CB 1 7/ICr-SCID mice, and 
following appearance of palpable tumors, mice were given intraperi- 
toneal injections of PBS alone or EGCG dissolved in PBS. As the 
: than 2 cm in size, the mice were humanely 
;re excised, and the cell-cycle profile of MM 
sing PI staining and flow cytometry. Percent- 
lls in tumors derived from 3 control mice 
%, whereas the fraction of apoptotic cells in 
ranged from 32% to 39%, indicating signiri- 
vo antimyeloma activity. 



] cached II 



killed, the tumors v 

age of apoptotic c 
remained less than 
EGCG-treated mice 
cant (P < .004) in v 



Consistent with these data, the survival of EGCG-treated mice 
was also prolonged relative to control mice (Figure 4B). 

EGCG activates multiple proapoptotic pathways 

To identify the molecular mechanisms of EGCG-induced apopto- 
sis, we analyzed change in gene expression profile of" INA6 cells 
following exposure to 10 u,M EGCG for 24 hours, using HG- 
U133AGeneChip array (Affymetrix), as reported previously. 20 - 21 J9:i,) 
Reproducibility of expression change was confirmed by correlation 
coefficients (0.96-0.99) of independently conducted exper 

Exposure of myeloma cells to EGCG led to up-regulati 
major regulatory genes involved in apoptosis and cell cycle 




Figure 3. Role of LR1 in EGCG-lnduced myeloma cell death. (A) Elevated levels of LR1 (67 kDa) protein in myeloma cells. (Ai) Protein levels of LR1 were evaluated in 2 
samples of normal PBMCs, 9 myeloma cell lines, and 5 myeloma patient samples, using a monoclonal antibody specific for LR; (ii) bar graph shows expression of LR1 protein, 
normalized to GAPDH levels, in normal and myeloma cells. (B-C) INA6 myeloma cells were cotransfected with Cy3-labeled nontargeting control (cont) and laminin receptor 1 
(LR1) siRNAs. (B) Transfected cells were incubated for 72 hours and uptake of siRNA was monitored by a fluorescence microscope equipped with a Cy3 filter. (C) INA6 cells 
were transfected as described for panel B and LR1 protein level was determined by Western blot analysis. (D) EGCG induced myeloma cell death. INA6 myeloma cells were 
transfected with control siRNAs or siRNAs directed against LR1, and 24 hours later treated with 10 EGCG. Ce;; viability was determined on alternate days. Error bars 
indicate SEM of 3 independent experiments. 
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as well as down-regulation of genes implicated in oncogenic 
transformation (Figure 5). 

EGCG activated multiple pathways associated with growth 
arrest by inducing the expression of: (1) death-associated protein 
kinase 2 (DAPK2), a multifunctional protein kinase implicated in 
apoptotic pathways mediated by death receptors, pl9/p53, and 
modulation of cytoskeleton; (2) initiators and mediators of death 
receptor-mediated apoptosis including Fas, Fas ligand, and caspase 4; 
(3) p63, a p53-like protein involved in induction of apoptosis: (4) 
caspase recruitment domain proteins (CARD 10 and CARD 14) 
associated with induction of apoptosis via activation of BCL10 and 
NF-kB; and (5) cyclin-dependent kinase inhibitors. pl6 and pi 8 
(Figure 5), which induce cell-cycle arrest by inhibiting phosphory- 
lation of retinoblastoma (RB). 

For selected genes, we have further confirmed the observed 
changes in gene expression profile at protein levels. Myeloma cells 
were treated with EGCG at 10 p,M for 24 hours and the cell lysates 
were resolved on a gradient SDS-polyacrylamide gel, electroblot- 
ted. and probed with specific antibodies. Consistent with gene 
expression data, the exposure of MM cells to EGCG was associated 
with elevated protein levels of DAPK2. pl8, and p63 (Figure 
6A-D). Both the gene expression (not shown) and Western blot 
(Figure 6C-D) analyses indicated no change in level of p53 
following exposure to EGCG. However, the Western blot analysis 




Figure 5. Effect of EGCG on gene expression In myeloma cells. Gene expression 
profile was analyzed in untreated or EGCG-treated (10 |xM for 24 hours) MM cells 
using HG-U133A gene arrays (Affymetrix). Fold change in the expression in 
EGCG-treated cells relative to expression in untreated INA6 cells is shown by the 
intensity of red (induction) or blue (suppression) colors. 



indicated a 6-fold increase in p73 protein (Figure 6C-D). Overall 
these data confirm the gene expression and protein changes and 
provide the molecular basis for observed growth arrest and 
apoptosis following exposure of myeloma cells to EGCG. 



Discussion 

Here, we demonstrate that EGCG, an antioxidant from green 
tea, induces growth arrest and apoptosis in MM cells while 
having no significant effect on normal PBMCs as well as 
fibroblasts. Anticancer effects of EGCG have been demonstrated 
in vitro in several malignancies including human lung, cervical, 
colon, and oral squamous carcinoma cells with effective 1C 50 
values ranging from 22 to 200 p.M. l4 • l8 • ;i, However, this is the 
first report demonstrating its activity in hematologic malignancy 
and elucidating the molecular mechanisms of EGCG-induced 
apoptosis in cancer cells, specifically in MM. Exposure of 



A B 
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Figure 6. The effect of EGCG on protein expression In INA6 myeloma cells. 

Equal amounts of protein were fractionated on SDS-polyacrylamide gels and 
electroblotted onto nitrocellulose membranes. The membranes were sequentially 
treated with primary antibodies and HRP-conjugated secondary antibodies, and 
the proteins were detected using an enhanced chemiluminescence. The same 
blots were then stripped and incubated with a monoclonal antibody for a-tubulin. 
Signal intensity of each band was quantitated and the amount of each protein was 
normalized to that of a-tubulin. (A) Expression of DAPK2 and pl8 proteins in 1NA6 

shows relative expression of DAPK2 and p18 proteins, following normalization 
with corresponding u-tubulin levels. (C) Expression of p53 family of proteins (p53, 
p63, p73) in INA6 cells, untreated or treated with 10 p-M EGCG for 24 hours. (D) 
Bar graph shows fold induction of p53 family members, following normalization 
with corresponding a-tubulin levels 
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myeloma cell lines and primary patient cells to 10 to 20 p-M 
EGCG led to apoptotic cell death within 5 to 7 days. Our data 
suggest higher susceptibility of MM cells to EGCG. which may 
provide a higher therapeutic index. Importantly EGCG at 10 to 
20 jjlM had no significant effect on survival or proliferation of 
normal diploid fibroblasts and normal PBMCs. 

To further confirm the lack of its effect on normal cells, we 
treated normal PBMCs activated with anti-CD3 antibody with 
EGCG at 10 u.M (Figure 1H) and 20 p.M (data not shown) and 
observed no effect on 3 H-thymidine incorporation. These data 
further confirm that EGCG specifically inhibits the proliferation of 
myeloma cells while having no effect on normal cells at a 
concentration that can be achieved in vivo, as demonstrated in a rat 
model in which plasma concentration of 96.0 u,M was achieved 
w ithout reported toxicity. 32 

We have also confirmed in vivo activity of EGCG in MM. 
Administration of EGCG at 33 mg/kg/d led to induction of 
apoptosis in MM cells and prolongation of survival in SCID mice 
bearing subcutaneous MM tumors. The survival of EGCG-treated 
mice was also significantly increased (P < .05), demonstrating an 
antimyeloma activity in vivo. 

We also demonstrate that the antimyeloma effects of EGCG are 
mediated through a 67-kDa LR1, a cell-surface receptor impli- 
cated in the interaction of myeloma cells with basement 
membrane and subsequent infiltration/migration of these cells in 
surrounding tissue." As reported here, LR1 knock-down cells 
are not susceptible to EGCG-induced myeloma cell death. The 
majority of myeloma cell lines and patient samples have 
elevated levels of LR1 protein. Gene expression profiling also 
showed up-regulated transcript levels of LR1 and its pseudo- 
gene in primary patient myeloma cells compared to normal 
plasma cells (data not shown). Extremely low expression of LR1 
in normal cells and overexpression in myeloma cells provides 
the molecular explanation for specific activity of EGCG on MM 
cells with minimum effect on normal cells and may also provide 
the basis on which to expect a higher pharmacologic index for 
this agent in clinical practice. 

The gene expression profile following EGCG treatment showed 
the most prominent induction of death-associated protein kinase 2 
(DAPK2). DAPK2, a member of calcium/calmodulin-dependent 
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serine/threonine kinases, 34 is implicated in multiple apoptotic 
pathways. Apoptosis initiated by TNF-ot, activated Fas, and IFN-7 
is mediated by DAPK, 35 which functions as a key regulatory step 
between the formation of death-inducing signaling complex (DISC) 
and activation of caspases. 35 36 DAPK can also induce apoptosis by 
pl9ARF-p53 pathway " 3 " as well as by phosphorylation of myosin 
light chain, which leads to abnormal cytokinesis. 36 

EGCG treatment was also associated with elevated transcript and 
protein levels of p73 and p63, the members of the p53 family with 
ability to induce apoptosis in a p53-Iike manner. 39 - 40 Because p53 is 
frequendy mutated in cancers, the induction of p53-like proteins (p73 
and p63) by EGCG provides an important alternate mechanism of cell 
growth arrest in the absence of p53. These proteins are not only 
implicated in the induction of genes involved in apoptosis but also 
regulate genes involved in cell cycle arrest and DNA repair. 

EGCG also induced the expression of tumor necrosis factor 
ligand (member 6; FASL) and tumor necrosis factor receptor 
(member 6b; FAS), implicated in the death receptor-dependent 
apoptosis. The interaction between the ligand and its death receptor 
leads to the recruitment of DISC that subsequently initiates a 
cascade of events leading to activation of initiator and effector 
caspases. An in vitro evaluation in liver cancer has confirmed the 
increased protein levels of FASL following EGCG treatment. 4 ' 
There is also evidence that EGCG may directly bind and activate 
FAS leading to induction of apoptosis. 42 

Both gene expression and protein data also indicate that EGCG 
treatment is associated with the induction of cyclin-dependent 
kinase (CDK) inhibitors pl6 and pl8. Inhibitors of CDKs can 
induce cell-cycle arrest by preventing RB phosphorylation and 
E2F1 release. 

In conclusion, these studies demonstrate that EGCG is a potent 
suppressor of MM cell growth with specificity provided by its 
interaction with LR1, a cell-surface receptor implicated in the 
interaction of myeloma cells with basement membrane. It leads to 
induction of multiple interrelated pathways implicated in growth 
arrest, providing a concerted activity leading to MM cell death both 
in vitro and in vivo. These data, therefore, indicate that a natural 
product with antioxidant properties from green tea has a specific 
activity against MM. making it an ideal compound for therapy and 
possible chemoprevention of this disease. 
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Previously we reported that 67-kDa laminin receptor (67LR) mediates epigallocatechin-3-O-gaIlate 
(EGCG)-induced cell growth inhibition and reduction of myosin regulatory light chain (MRLC) phosphor- 
ylation atThr-l8/Ser-19, which is important for cytokinesis. Here, we found that human colon adenocar- 
cinoma Caco-2 cells exhibited higher expression level of 67LR and EGCG at a physiologically achievable 
concentration (1 uM) significantly accumulated the cells in G 2 /M phase without affecting expression of 
Wnt-signaling components. We also found that myosin phosphatase targeting subunit 1 (MYPT1) phos- 
phorylation at Thr-696. which inhibits myosin phosphatase and promotes MRLC phosphorylation, was 
reduced in response to 1 uM EGCG. 67LR knockdown by RNA interference abolished the inhibitory effects 
of 1 uM EGCG on cell cycle progression and the phosphorylation of MRLC and MYPT1. These results sug- 
gest that through 67LR. EGCG at a physiological concentration can activate myosin phosphatase by reduc- 
ing MYPT1 phosphorylation and that may be involved in EGCG-induced cell growth inhibition. 

© 2008 Elsevier Inc. All rights reserved. 



Green tea polyphenols have been shown to have cancer preven- 
tive activity in a variety of organ sites in animal models [1,2] and 
humans [3]. Among the green tea polyphenols, epigallocatechin- 
3-O-gallate (EGCG) is the most abundant and most active polyphe- 
nol in inhibiting experimental carcinogenesis and related reactions 
[2,4], However, it is still not clear which EGCG-induced molecular 
events are responsible for the inhibition of carcinogenesis because 
the concentrations of EGCG shown to have an effect (20-100 uM) 
in most previous studies are much higher than the concentrations 
observed in the plasma or tissues of animals or in human plasma 
(usually lower than 1 uM) after tea ingestion [ 1 ]. Recently we have 
identified 67-kDa laminin receptor (67LR) as a cell surface EGCG 
receptor that mediates the anticancer action of physiologically 
achievable concentrations of EGCG (0.1-1 uM) [5]. Further others 
showed that RNA interference (RNAi)-mediated silencing of 67LR 
results in abrogation of EGCG-induced apoptosis in myeloma cells 
[6], 

Myosin II, the conventional two-headed myosin first identi- 
fied in muscle, is the primary motor protein responsible for cyto- 
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kinesis [7]. It has been demonstrated that the contractile force of 
the contractile ring in dividing cells is generated by the associa- 
tion of myosin II with actin [7]. In higher eukaryotes, phosphor- 
ylation of the myosin regulatory light chain (MRLC) at Thr-18/ 
Ser-19 increases the actin-activated Mg-ATPase activity of myo- 
sin II and the assembly of myosin II filaments, regulating the 
association between myosin II and actin [8], Therefore, it is sug- 
gested that MRLC phosphorylation is crucial for cell division. 
Phosphorylation of MRLC is regulated by two classes of en- 
zymes: MRLC kinases and myosin phosphatase [8]. Myosin phos- 
phatase is composed with three subunits: a 37-kDa catalytic 
subunit, a 20-kDa subunit of unknown function, and a 110- to 
130-kDa myosin phosphatase targeting subunit (MYPT1) [9]. 
The activity of myosin phosphatase is known to be regulated 
by phosphorylation of MYPT1 and two major sites, Thr-696 
and Thr-853, have been extensively investigated and identified 
as an inhibitory site [9]. We previously reported that EGCG in- 
duced reduction of the phosphorylation of MRLC at Thr-18/Ser- 
19 through 67LR in HeLa cells [10], human basophilic KU812 
cells [11] and mouse melanoma B16 cells [12], suggesting 
involvement of MRLC dephosphorylation in EGCG-induced cell 
growth inhibition. Further, we have reported that EGCG induced 
decrease in MYPT1 phosphorylation at Thr-696 through 67LR in 
HeLa cells and B16 cells, leading to activation of myosin phos- 
phatase and reduction of MRLC phosphorylation [12]. 



0006-291X/S - see front matter © 2008 Elsevier Inc. All rights reserved, 
doi: 10.101 6/j.bbrc.2008.04.041 



D. Umeda et al. / Biochemical and Biophysical Research Communications 371 (2008) 172-176 



Colorectal cancer is one of the most prevalent types of cancer in 
the Western world [13]. Epidemiological studies have suggested 
that the consumption of green tea may decrease colon cancer risk 
[14|. The Wnt-pathway appears to play an important role particu- 
larly in colon carcinogenesis [15]. The essential event in 
Wnt-signaling is the stabilization of p-catenin. The resulting accu- 
mulation of p-catenin increases the pool of nuclear p-catenin 
bound to transcription factor TCF/LEF in complexes that can acti- 
vate certain genes, including oncogene c-Myc. As the main binding 
partner of p-catenin at cell-cell junctions, E-cadherin plays a piv- 
otal role in p-catenin stabilization and function. E-cadherin com- 
monly repressed in epithelial carcinogenesis and its binding with 
P-catenin suppressed Wnt-signaling [16]. Previous studies have re- 
ported that ECCG-treatment downregulated the p-catenin protein 
expression [17] or upregulated E-cadherin protein expression 
[18], suggesting that EGCG suppressed Wnt-signaling. However, 
it is still not known how a physiological concentration of EGCG in- 
duces cell growth inhibition in colorectal cancer cells. In this study, 
we found for the first time that a physiologically achievable con- 
centration of EGCG inhibited cell cycle progression of human colon 
adenocarcinoma Caco-2 cells through 67LR without affecting com- 
ponents of Wnt-signaling. Further, we found that EGCG at a phys- 
iological concentration decreased the phosphorylation of MRLC at 
Thr-18/Ser-19 and MYPT1 at Thr-696 in Caco-2 cells through 
67LR, suggesting that an activation of myosin phosphatase is in- 
volved in antiproliferative effect of EGCG at a physiological 



Materials and chemicals. EGCG, catalase, superoxide dismutase (SOD), and anti- 
fi-actin antibody were purchased from Sigma Chemical Co. (St. Louis. MO). Anti- 
67LR (F-18) antibody, anti-MRLC (FL-172) antibody, horseradish peroxidase 
(HRP)-conjugated anti-mouse IgG and HRP-conjugated anti-goat IgG were obtained 
from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-phospho-MRLC (Thr-18/Ser- 
19) antibody was obtained from Cell Signaling Technology, Inc. (Beverly. MA). 
Anti-MYPTI antibody was purchased from BD Bioscience (San Jose, CA). Anti-phos- 
pho-MYPTt (Thr-696) antibody was purchased from Upstate Biotechnology (Lake 
Placid. NY). HRP-conjugated anti-rabbit IgG antibody was obtained from ICN phar- 
maceuticals. Inc. (Costa Mesa, CA). Propidium iodide was obtained from Wako Pure 
Chemical Industries (Osaka, Japan), 

Cell culture and cell proliferation assays. HeLa cells (a human cervical adenocar- 
cinoma) were maintained in Dulbecco's modified Eagle's medium (DMEM) (COSMO 
BIO Co. Ltd., Tokyo, Japan) supplemented with 10% FBS (Biological Industries, 
Kibbutz Beit Kaemek, Israel) in a humidified atmosphere with 5% C0 2 at 37 °C. 
Caco-2 cells (a human colorectal adenocarcinoma) were maintained in DMEM 
supplemented with 10% FBS and 1% non-essential amino acid (NEAA) (Hyclone 
Inc.. Logan, UT). To assess cell proliferation, cells were plated in 24-weII plates at 
a density of 1 x 10" cells/well, and 24 h later they were treated with the indicated 
concentrations of EGCG for the indicated time periods in DMEM supplemented with 
2% FBS. 1% NEAA (only for Caco-2 cells). 5 mg/mL BSA, 5 U/mL SOD and 200U/mL 
catalase. Cell density was adhesive cell number per well. 

Flow cytometric analysis. Cells were suspended in 70% ethanol and incubated at 
-20 °C for more than 4 h. The cells were washed with PBS and resuspended in PBS 
together with 10 Mg/mL RNaseA. Incubation was continued at 37 °C for 20 min. The 
cellular DNA was then stained by applying propidium iodide (20 ng/mL) for 30 min 
at room temperature. The stained cells were analyzed by flow cytometry (FACS Cal- 
ibur; Becton Dickinson, Sunnyvale, CA) for relative DNA content. ModFit LT software 
(Verity Software House, Inc., Topsham, ME) was used to assess cell cycle 
distribution. 

Western blot analysis. Cells were lysed in cell lysis buffer containing 50 mMTris- 
HCI (pH 7.5), 150 mM NaCI, 1% Triton X-100, 1 mM EDTA, 50 mM NaF. 30 mM 
Na 4 P 2 0 7 , 1 mM phenylmethanesulfonyl fluoride. 10 ng/ml aprotinin. and 1 mM per- 
vanadate. Proteins were subjected to sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) and then transferred onto a nitrocellulose membrane. 
The membranes were blocked by BSA and incubated with primary antibodies, fol- 
lowed by incubation with HRP-conjugated secondary antibodies. Immunoreactive 
bands were visualized using the enhanced chemiluminescence Advance Western 
Blotting Detection kit (GE Healthcare, Little Chalfont, UK). Band intensities were 
quantified using N1H Image-J software. 

RNA interference by shRNA. Target sequences for short hairpin RNAs for 67LR and 
nonspecific control are as follows: shRNA for 67LR, 5'-GGAGGAATTTCAGGGTGAA- 
3'; shRNA for nonspecific control, 5'-GCATATCTGCGTACCTAGCAT-3'. The annealed 
shRNA inserts were cloned into the the psiRNA-hHIneo shRNA expression vector 



(InvivoGen, San Diego, CA) according to the manufacturer s protocol For stable 
transfection, FuGF.NF.6 reagent (Roche. Basel. Switzerland) was mixed with DNA 
for 20 min in serum-free medium, the mixture was then added to C.ico-2 cells in 
DMEM supplemented with 10% FBS and 1% NEAA. For stable transfection. the trans- 
fected cells were grown in medium containing G418. 

Statistical analysis. All values are expressed as means ± SD compared with con- 
trols. Statistical analysis was performed by use of Student's r test. A level of p < 0.05 
was considered significant. 

Results 

Caco-2 cells exhibited higher 67LR protein expression and sensitivity to 
EGCG than HeLa cells 

We investigated the expression levels of 67LR in cervical adeno- 
carcinoma HeLa cells and colorectal adenocarcinoma Caco-2 cells. 
Caco-2 cells exhibited higher 67LR protein expression than HeLa 
cells (Fig. 1A). We then examined antiproliferative effects of EGCG 
on HeLa cells and Caco-2 cells. EGCG inhibited the growth of Caco- 
2 cells in a dose-dependent manner (Fig. 1B) and the inhibitory ef- 
fect was significantly observed even at 1 uM EGCG treatment (Fig. 
1C). Compared with Caco-2 cells, HeLa cells were less sensitive to 
EGCG because its growth was inhibited at only lOuM EGCG (Fig. 
1 B). These results suggest that the expression level of 67LR may 
be elevated in the cells that are sensitive to the effect of EGCG at 
a physiological concentration. To further determine the possible 
involvement of EGCG in the regulation of cell cycle, we subjected 
EGCG-treated cells to FACS analysis using propidium iodide stain- 
ing to measure DNA content. EGCG dose-dependently decreased 
the Go/G, and S fractions while increasing the G 2 /M fraction in 
Caco-2 cells (Fig. 1 D). The inhibition of cell cycle progression was 
significantly observed even at 1 \iM EGCG. These results indicate 
that a physiologically achievable concentration of EGCG inhibited 
cell growth of Caco-2 cells by accumulating the cells in G 2 /M phase. 

Effect of EGCG on E-cadherin, p-catenin, and c-Myc protein expression 
in Caco-2 cells 

We investigated the effect of EGCG on the protein expression of 
E-cadherin, p-catenin, and c-Myc, which are important Wnt-signal- 
ing components, in Caco-2 cells by Western blot analysis (Fig. 2). 
E-cadherin protein expression was not affected by EGCG at 1 or 
5uM, though it was slightly reduced by 10uM EGCG treatment 
for 72 h. p-Catenin protein expression were slightly affected by 
EGCG at 1 or 5 uM but dose- and time-dependency were not ob- 
served. c-Myc protein expression was slightly reduced by IOliM 
EGCG treatment for 72 h. Since these results did not correlate with 
EGCG-induced cell growth inhibition shown in Fig. 1, it is sug- 
gested that E-cadherin, p-catenin, and c-Myc are not involved in 
antiproliferative effect of EGCG at a physiological concentration 
on Caco-2 cells. 

Effect of EGCG on the phosphorylation of MRLC and MYPT1 in Caco-2 
cells and HeLa cells 

To elucidate the intracellular mechanism of how EGCG accumu- 
lates Caco-2 cells in G 2 /M phase, we examined the effect of EGCG 
on MRLC phosphorylation at Thr-18/Ser-19 by Western blot analy- 
sis. EGCG treatment for 24 h dose-dependently reduced the level of 
MRLC phosphorylation (Fig. 3A). To investigate how EGCG reduced 
MRLC phosphorylation, we tested the effect of EGCG on the 
phosphorylation of MYPT1 at Thr-696 and found that EGCG dose- 
dependently induced the dephosphorylation of MYPT1 at 
Thr-696 in Caco-2 cells (Fig. 3B). These results suggest that EGCG 
activated myosin phosphatase by reducing MYPT1 phosphoryla- 
tion at Thr-696. Moreover, decrease in the phosphorylation of both 
MRLC and MYPT1 was observed even at 1 uM EGCG and correlated 
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Fig. 2. Effect of EGCG on E-cadherin, p-catenin and c-Myc protein expression in Caco-2 cells. Cells were treated with the indicated 
t.me periods. Total cellular protein was subjected to Western blot analysis using anti-E-cadherin. anti-p-catenin and anti-c-Myc 
was normalized for p-actin and expressed as a percentage compared with the value of untreated control. 



well with EGCG-induced cell growth inhibition shown in Fig. 1 . The 
suppressive effects of EGCG at 1 uM on the phosphorylation of both 
MRLC and MYPT1 were still observed at 96 h after EGCG treatment 
in Caco-2 cells (Fig. 3C). In HeLa cells whose growth was not inhi- 
bited by 1 uM EGCG as shown in Fig. IB , 1 uM EGCG did not affect 
the phosphorylation of either MRLC or MYFT1 (Fig. 3 D). These 
results suggest that a physiologically achievable concentration of 
EGCG inhibited cell growth by reducing the phosphorylation of 
both MRLC and MYPT1 in Caco-2 cells. 

Effect of67LR knockdown on EGCC-induced cell growth inhibition and 
reduction of the phosphorylation of MRLC and MYPT1 in Caco-2 cells 

To investigate whether the inhibitory effect of EGCG on cell cy- 
cle progression is mediated by 67LR, we knockdown the expression 
of 67LR in Caco-2 cells using RNAi-mediated gene silencing. We 
stably transfected Caco-2 cells with the short hairpin RNA (shRNA) 
expression vector for 67LR and confirmed the knockdown of 67LR 
protein expression in the cells (Fig. 4A). 67LR knockdown signifi- 



cantly attenuated 1 uM EGCG-induced inhibition of ceil growth 
(Fig. 4B) and accumulation of the cells in G 2 /M phase (Fig. 4C). Fur- 
thermore, 1 uM EGCG-induced reduction of the phosphorylation of 
both MRLC (The-1 8/Ser-1 9) and MYPT1 (Thr-696) was also attenu- 
ated in 67LR-shRNA expressing cells, suggesting that EGCG acti- 
vated myosin phosphatase through 67LR (Fig. 4D). These results 
suggest that 67LR mediates the suppressive effect of EGCG at a 
physiological concentration on cell cycle progression and the phos- 
phorylation of MRLC and MYFT1 . 



Many mechanisms for anticarcinogenic activities of green tea 
polyphenol EGCG have been proposed based mainly on studies in 
cell lines [2,4]. The activities observed with EGCG in cell line stud- 
ies, however, may not be relevant to the situation in vivo because 
EGCG concentrations used in vitro are usually much higher than 
the achievable levels in vivo [1,2]. Therefore, it is important to 
investigate the activities observed at physiologically achievable 
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Fig. J. Effect of ECCG on the phosphorylation of MRLC and MYPT1 in Caco-2 cells 
and HeLa cells, (A-C) Caco-2 cells were treated with the indicated concentrations of 
ECCC for 24 h(A and B) or treated with 1 nM ECCC for 96 h(C). (D) HeU cells were 
healed with the indicated concentrations of EGCG foi 24 h. Total cellular protein 
was subjected to Western blot analysis using anti-phospho-MRLC (Thr-18/Ser-19) 
and anti-phospho-MYPT1 (Thr-696) antibodies. Relative band intensity (pMRLC/ 
MRLC or pMYPTI /MYPT1 ) was expressed as a percentage compared with the value 
of untreated control. 



concentrations of EGCG. In the present study, we found that EGCG 
at a physiologically achievable concentration (1 uM) significantly 
inhibited cell growth of Caco-2 cells and accumulated the cells in 
G 2 /M phase through 67LR. We also found that 1 uM EGCG reduced 
MYPT1 phosphorylation at Thr-696 through 67LR, leading to acti- 
vation of myosin phosphatase and reduction of MRLC phosphoryla- 
tion at Thr-18/Ser-l 9. 

Several studies have reported that EGCG suppressed Wnt-sig- 
naling by affecting the protein levels of E-cadherin [18] and (5-cate- 
nin [17], resulting in reduction of c-Myc and cyclin D1 [18). On the 
other hand, many studies have reported that EGCG induces cell cy- 
cle arrest at G 0 /G, phase in various cancer cells, including lung, co- 
lon, pancreas, skin, and prostate [1,3,5,19], Since c-Myc and 
cyclinDl are important cell cycle regulators particularly in the pro- 
gression from G, to S phase [20], it may be proposed that 
suppression of Wnt-signaling by EGCG is the mechanism for 
EGCG-induced cell cycle arrest at G 0 /G, phase. However, the 
concentrations of EGCG used in these previous studies are also 
much higher than those observed in the blood or tissues. In our 
experiment, a physiologically achievable concentration of EGCG 
accumulated Caco-2 cells in the G 2 /M phase but not G 0 /G, phase 
and did not affect the protein levels of E-cadherin, fi-catenin and 
c-Myc. These results suggest that cell growth inhibition induced 
by a physiological concentration of EGCG in Caco-2 cells is depen- 
dent on other mechanisms than suppression of Wnt-signaling. 

MRLC phosphorylation in cytokinesis can be regulated by myo- 
sin phosphatase and there are several pieces of evidence indicating 
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Fig. 4. Effect of 67LR knockdown on EGCG-induced cell growth inhibition and re- 
duction of the phosphorylation of MRLC and MYPT1 in Caco-2 cells. (A) The cells 
stably transfected with the control-shRNA or the 67LR-shRNA expression vector 
were lysed and total cellular protein was subjected to Western blot analysis using 
anti-67LR antibody (F-18). (B) Cells were treated with 1 uM EGCG for 96 h. The 
results are shown as relative cell number to untreated control and the data pres- 

ificantly different from the values in control at **p<0.01. (C) FACS analysis of the 
cell cycle. Cells were treated as described in(B) and then evaluated for DNA content 
after propidium iodide staining. (D) Cells were treated with 1 (iM EGCG for 24 h. 
Total cellular protein was subjected to Western blot analysis using anti-phospho- 
MRLC (Thr-18/Ser-19) and anti-phospho-MYFTl (Thr-696) antibodies. Relative b- 
and intensity (pMRLC/MRLC or pMYPTI/MYPTI) was expressed as a percentage 
compared with the value of untreated control. 



that myosin phosphatase is involved in cytokinesis. MYPT1 is 
phosphorylated at the inhibitory sites at the cleavage furrow 
[21,22] and the MYPT1 phosphorylation is predicted to result in 
an increase in MRLC phosphorylation at the division site and might 
provide a signal for cytokinesis. MYPT mutations show effects on 
cytokinesis. In Caenorhabditis elegans, MYPT mutations cause de- 
fects in cytokinesis [23], Mouse embryos lacking MYPT1 have re- 
cently been reported to die within 7.5 days post coitus, 
suggesting that mouse myosin phosphatase may be crucial for 
cytokinesis in vivo [24]. In our experiments, EGCG at a physiologi- 
cal concentration induced reduction of not only MRLC phosphory- 
lation but MYPT1 phosphorylation at Thr-696 through 67LR, 
suggesting that EGCG activated myosin phosphatase and might 
prevent cytokinesis. It has also been reported that MYPT1 binds 



176 D. Umeda et at. / Biochemical and Biophysical Researcl 

to many other proteins in addition to phosphorylated MRLC and 
myosin phosphatase has several additional substrates [25]. There- 
fore, it is possible that dephosphorylation of not only MRLC but the 
other substrates by myosin phosphatase is critical for EGCG-in- 
duced cell growth inhibition through 67LR. 

It is currently still unclear how EGCG exactly reduces MYPT1 
phosphorylation at Thr-696 through 67LR. Most recently, we have 
identified eukaryotic translation elongation factor 1A (eEFIA) as a 
component responsible for the antiproliferative activity of EGCG 
[12]. Intriguingly, it has been reported that eEFIA binds to MYPT1 
[26] and is localized in the cleavage furrow during cytokinesis [27], 
suggesting its involvement in cell division process. Although we 
have reported that eEFIA was involved in the signaling pathway 
mediated after binding of EGCG to 67LR, further studies are needed 
to define the role of eEFIA in decrease of MYFT1 phosphorylation 
at Thr-696. Future investigation on this matter and the in vivo role 
of 67LR, eEFIA and MYPT1 in EGCG-induced cell growth inhibition 
may provide new therapeutic approaches for the treatment of 
cancer. 
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